Abstract We study a charged compact object with anisotropic pressures in a core envelope setting. The equation of state is quadratic in the core and linear in the envelope. There is smooth matching between the three regions: the core, envelope and the ReissnerNordström exterior. We show that the presence of the electric field affects the masses, radii and compactification factors of stellar objects with values which are in agreement with previous studies. We investigate in particular the effect of electric field on the physical features of the pulsar PSR J1614-2230 in the core envelope model. The gravitational potentials and the matter variables are well behaved within the stellar object. We demonstrate that the radius of the core and the envelope can vary by changing the parameters in the speed of sound.
Introduction
In a general relativistic setting, the study of gravitational behaviour in superdense compact stars is an essential area of research in astrophysics. The high central densities in the core provide a physical environment for the relativistic nucleons to convert to hyperons or to generate condensates. Witten (1984) Farhi and Jaffe (1984) studied the first models of the interior of the star with a quark phase. The real composition for the matter distribution in the core regions remains a question for deeper examination. In most studies of relativistic compact stars the core is surrounded by a nuclear crust composed of baryonic matter. An example of a such a physical scenario is given by the stellar model of Sharma et al. (2002) with concentric layers of different phases, with inner deconfined quarks and outer less compact baryons. In the context of a core envelope model for a relativistic star the matter distributions of the two regions have different physical features. In our approach the structure of matter is constrained by equations of state for the envelope and the core. In this approach we deal with the macroscopic behaviour of the matter distribution; it is not possible to include the features of the microphysics. we should point out that in nuclear physics or particle physics, it difficult to specify a single equation of state for the matter distribution that smoothly interfaces the quark matter core with the outer nuclear region. Consequently, it is necessary to investigate core envelope models with modification to the equation of state.
In the past several core envelope models for massive relativistic stars in general relativity have been found. Sharma et al. (2002) , Paul and Tikekar (2005) and Tikekar and Jotania (2009) considered general relativistic models with different physical features. Exact interior solutions with different energy densities in the core and envelope were found by Durgarpal and Gehlot (1969) and Durgapal and Gehlot (1971) . Nonterminating exact series solutions for isothermal neutron star interiors, which are bound and stable were presented by Fuloria et al. (1988 Fuloria et al. ( , 1989 . Models with energy density distribution with parabolic behaviour at the core were generated by Negi et al. (1989) ; Negi (1990) . Sharma and Mukherjee (2001) ; Sharma et al. (2002) showed that their core envelope model could be used to describe the compact X-ray binary pulsar Her X-1: the matter distribution is a quarkdiquark mixture in equilibrium. Exact solutions to the field equations with the core layer admitting either isotropic or anisotropic pressures were found by Paul and Tikekar (2005) , Tikekar and Thomas (2005) , Thomas et al. (2005) and Tikekar and Jotania (2009) . In these treatments the spacetime geometry was taken to be parabolic, spheroidal or pseudospheroidal.
For a general core envelope model we include the effects of the electromagnetic field, anisotropy and an equation of state. The electric field affects the physical proprieties like mass, radius, density, expansion and gravitational collapse of self gravitating stellar objects.
Recently it was observed by Herrera and Barreto (2013) that intense magnetic fields produce anisotropy in neutron stars, white dwarfs and strange stars. Earlier Ruderman (1972) pointed out that for a realistic stellar model at very high density ranges beyond 10 14 gcm −3 , the nuclear matter may be anisotropic. A physical requirement is that the matter distribution satisfies a barotropic equation of state throughout the stellar body. In our model the equation of state has a quadratic form in the core region. This ensures that the radial pressures are higher near the stellar centre. Models with a quadratic equation of state have been analysed by Feroze and Siddiqui (2011 ), Maharaj and Mafa Takisa (2012 ) and Mafa Takisa et al. (2014b . The equation of state has a linear form in the envelope. This ensures that the radial pressure in the outer region is lower than the core. Stellar models in general relativity with a linear equation of state have been recently studied by Mafa Takisa and Maharaj (2013 ), Mafa Takisa et al. (2014a and Thirukkanesh and Ragel (2013) .
In this paper we present a new core envelope model for astrophysical compact stars by smoothly matching two inner regions each satisfying a different equation of state. The exterior region is characterised by the Reissner-Nordström metric. We discuss the Einstein field equations in Sect. 2 with charge and anisotropy. In Sect. 3, we generate the exact solution for the core. The exact solution for the envelope is generated in Sect. 4. In Sect. 5, we present the matching conditions between the two spacetime regions. A detailed physical analysis is undertaken in Sect. 6. Masses and radii for some compact stars are presented in Table 1 . The matter variables are plotted and discussed. We investigate the physical features of the model in connection with the pulsar PSR J1614-2230; the results are presented in Table 2 and Table 3 . Results for the gravitational redshifts are given in Table 4 and Table 5 . We briefly summarise the results obtained in this paper in Sect. 7.
The model
For describing the interior spacetime of a stellar charged anisotropic body, the energy momentum tensor must be physically relevant. It is given by
where the quantities ρ, p r and p t and E 2 represent the energy density, radial pressure, the tangential pressure and the electric field respectively. These physical quantities describe the matter fields. We also introduce another quantity called the degree of anisotropy ∆ = p t − p r . It vanishes for matter with isotropic pressures and ∆ = 0. In this study we select a static gravitational field described by the interior metric
where ν = ν(r) and λ = λ(r) are arbitrary gravitational functions. The line element (2) may be used to model a compact gravitating star such as a superdense star. We consider a case of a charged gravitating object with anisotropic pressures in this investigation. The Einstein-Maxwell field equations have the form
where R µν is the Ricci tensor, R is the Ricci scalar, T µν is the charged energy momentum tensor, F µν is the Maxwell tensor and J ν is the four-current. Hence the effects due to the electric field and pressure anisotropy have been included. Then the Einstein-Maxwell field equations influencing the gravitational interactions in a charged anisotropic star are given by
where primes denote differentiation with respect to the radial coordinate r. The quantity σ is the proper charge density. The nonlinear nature of the field equations (6)-(9) makes it difficult to integrate them exactly. To produce a solution we need to specify the metric functions, prescribe the form of the matter quantities or choose a particular barotropic equation of state. In core envelope matter configurations the interior of the star is made up of two regions: an inner containing the centre core and an outer envelope region with different pressure profiles. Therefore to model a core envelope relativistic star we need to divide spacetime into three regions. The three regions comprise of the central core (region I, 0 ≤ r ≤ R I ), the neighbouring envelope (region II, R I ≤ r ≤ R II ) and the exterior of the star (region III, R II ≤ r). The metrics for the three regions have the form
The quantity Q represents the total charge measured by an observer at the infinity. The metric (12) is the Reissner-Nordström exterior solution for region III which is exterior to the envelope. The stellar boundary matches smoothly to the Reissner-Nordström region III which requires vanishing radial pressure at the boundary. The electric field is nonzero at the boundary and matches smoothly with the interior charge. For physical reasonableness the stellar model should satisfy the following conditions in the core, envelope and exterior:
(i) The gravitational potentials ν and λ and matter variables ρ, p r , p t , E and σ should be well defined at the centre and regular throughout the star, (ii) The energy density ρ > 0 ρ ′ < 0 in the interior of the star, (iii) The radial pressure p r > 0, the tangential pressure p t > 0, the speed of sound dpr dρ ≤ 1 and the gradient dpr dr < 0 in inside the star, (iv) At the boundary p r (R II ) = 0, (v) At the boundary the electric field E must be continuous, (vi) The metric functions of the core region I must match with the metric functions of the envelope region II, and (vii) The metric functions of the envelope region must match to the Reissner-Nordström exterior metric.
Region I: core
We use the charged subcase of the exact solution in Maharaj and Mafa Takisa (2012) , with a quadratic equation of state, to describe the core region. Including a nonlinear term in the equation of state produces an acceptable model with values for the mass, radius and central density that can be compared with observed stars. Note that a quadratic choice for the equation of state produces higher pressures in the core region. This is the main reason for using the results of Maharaj and Mafa Takisa (2012) in region I.
In the range 0 ≤ r ≤ R I we set
where a, b, s and γ are constants. Then the EinsteinMaxwell field equations (6)- (9) give
where B is a constant of integration, a and b are parameters related to the central density. The quantity F I (r) is related to the spacetime geometry and has the form
The form of the equation of state (15) yields core densities consistent with earlier treatments; for example compare with the model of Thirukkanesh and Ragel (2013) . The parameters γ and s arise in the exact solutions of Maharaj and Mafa Takisa (2012) ; we have retained the same parameters for comparison purposes. The various parameters are constrained by the matching across the different regions (see the analysis in Sect.
6). The constants m I and n I are given by
Then the matter variables may be written as
We observe that the gravitational potentials, the matter variables and the electric field are regular and well behaved in the core region. In the range R I ≤ r ≤ R II we set
where a, b, s, α and β are constants. Note that α is related to the speed of sound and β is related to the surface density. Then the Einstein-Maxwell field equations (6)- (9) give the metric quantity
where D is a constant of integration. The quantity F II (r) is related to the spacetime geometry and has the form
The parameters α, β and s also appear in the exact model of Mafa Takisa et al. (2014a) and we retain them for consistency. These parameters become constrained in Sect. 5 by the matching conditions. The constants m II and n II are given by
Then the matter variables become
(1 + ar 2 )
The gravitational potentials, the matter variables and the electric field are continuous and regular in the envelope.
Matching conditions
The line element (10) for the core and (11) for the envelope must match at r = R I . This generates the conditions
The line elements (11) and (12) should match smoothly at r = R II . This produces the conditions e 2λII (RII )
The radial pressure p r has to be continuous at r = R I giving
The radial pressure should vanish at the surface of star r = R II giving
Smooth matching of the electric E across the stellar boundary gives
In the above a, b, B, D, R I , R II , M , s , Q, E, α, β and γ are parameters. Note that the equations (35)- (41) comprise an undetermined system of seven equations in thirteen unknowns. We may write particular parameters in terms of others. The total charge Q in the star is given by (41). The other physically relevant quantities are the mass (M ) and the radius (R II ) of a compact object. From the system (35)- (40), we find that
which is the total mass of the core and the envelope. In addition we find the quantity
which is the radius of the star. Then the constants b, D and B can be written in terms of M and R II . These constants are given by
In (41)- (46) the constants a, α, β, γ, s, E and R I are free parameters. The matching conditions found in this section apply to a charged star with a Reissner-Nordström exterior. When s = 0 then the electric field vanishes and the star is uncharged with a Schwarschild exterior. If we set s = 0 in (35)- (41) then we regain the matching conditions established by Mafa Takisa and Maharaj (2016) for a hybrid star with uncharged core and envelope.
Physical analysis
It is possible to demonstrate that the core envelope model found in this treatment is consistent with astronomical observations. To this end we generate masses for particular stars. We introduce the following new parametersã = aT 2 ,b = bT 2 ,s = sT 2 , which scale a, b and s. In the above T is a parameter with dimension of length, which assists in comparing with earlier results. With the choice ofã = 1, β = 0.00162,s = 14.5 and the values ofb, α, γ given in Table 1 we can generate specific numerical quantities for the core radius R I , the envelope radius R II and the stellar mass M for the objects PSR J1614-2230, Vela X-1, PSR J1903+0327, Cen X-3 and SMC X-1. We observe that the values for the stellar radius R II is in the range 8.25 − 9.21 km, and values for the mass is in the range 1.40 − 2.13 M ⊙ . We emphasize the consistency of these range of values with the treatment of Mafa Takisa et al. (2014a) who studied exact solutions to the field equations with equation of state in the absence of charge. We note that similar value for the mass were obtained by Gangopadhyay et al. (2013 ), Mafa Takisa et al. (2014a ) and Mafa Takisa et al. (2014b . We have also provided the mass-radius M RII relationship for five compact astronomical objects in Table 1 . Observe that the Buchdahl (1959) 
is satisfied in all cases. Gangopadhyay et al. (2013) studied the astronomical object PSR J1614-2230, which has a feature that the accurate measurement of its mass yields the strongest analysis of the object PSR J1614-2230 in a core envelope setting with charged matter when s = 0. In order to study various physical conditions throughout the stellar body we take mass to be 2.13 M ⊙ and the radius of the envelope to be R II = 9.21 km. Similar radial values were found in previous treatment of Mafa Takisa et al. (2014a ), Mafa Takisa et al. (2014b and Azam et al. (2015) , who studied the stability of the Mafa Takisa et al. (2014a) model. We have chosen the core radius to be the two-thirds of the envelope R I = 2 3 R II = 6.87 km. Table 1 represents values for the charge and uncharged matter. The first set of values represents the uncharged case, and the bracketed values are the corresponding values for charged matter when s = 0. The variation of speed of the sound dp r /dρ in Table 1 for different values of b, can be viewed as the response of the spacetime geometry to a variation of equation of state for given values of mass and radius of a compact star. The choice of parameters in the model fixes the values of the core radius R I and the envelope radius R II . In Table 2 we retain the value of stellar mass to be 2.13 M ⊙ and the radius of the envelope to be R II = 9.21 km. It shows that the core radius varies and the envelope radius is fixed. In presence of charge the core becomes smaller and more compact. In Table 3 we use the stellar mass value of 2.13 M ⊙ and the radius of the core is chosen to be R I = 6.87 km. We allow the parameters α and γ to vary and the same core radius, in order to keep the value of the mass 2.13 M ⊙ constant in Table 3 . We found that when α increases, the same envelope radius R II increases as well so that the envelope radius is changing. Therefore the envelope becomes larger and less compact. We have also included Tables 4 and 5 for gravitational redshifts for the region I and region II for the stellar object PRSJ1614-2230. We have included redshift values for both uncharged and charged models. The redshift values for the region I are larger than region II. The values are physically reasonable and consistent with other investigations.
The potentials e 2λ and e 2ν are regular within the compact object with smooth matching between the core, envelope and the Reissner-Nordström exterior. We represent in Figures 1-8 the profiles of the energy density ρ, the radial pressure p r , the tangential pressure p t the measure of anisotropy ∆, the speed of sound dpr dρ , the quantity dpt dρ , the quantity dpr dρ − dpt dρ and the adiabatic index Γ. These figures have been plotted for the particular parameter valuesã = 1, α = 0.1021, R I = 6.87, γ = 0.0781, β = 0.00162 ands = 14.5. In Figures 1-8 the red dots and continuous line represents the uncharged matter profile and the black dots and continuous line represents the charge matter profile. When R I = R II , all figures profiles have a smooth matching between the core and the envelope. All the matter variables are regular at the centre. The energy density for both cases of uncharged and charged matter is a decreasing function so that ρ ′ < 0 within the star in Figure 1 . In Figure 2 the radial pressure p r is also a decreasing function; the pressure p r decreases slowly in the stellar core and then more rapidly in the stellar envelope. The radial pressure for the charged matter vanishes at the boundary so that p r (9.21) = 0. The tangential pressure p t represented in Figure 3 is also a decreasing function. Similar profiles for p t have been presented in the treatments of Sharma and Maharaj (2007) and Mafa Takisa and Maharaj (2016) . In Figure 4 we present the profile for the anisotropy ∆. We notice that the anisotropy ∆ vanishes at the centre, has a decreasing profile in the core, and then becomes an increasing function in the envelope. Similar behaviour was obtained by Mafa Takisa and Maharaj (2016) in the absence of charge. We represent the profile of the speed of sound dpr dρ in Figure 5 . It has the largest value in the core and the smallest value in the envelope. However for all values dpr dρ < 1 within the stellar object and the speed of sound is less than the speed of light. In Figure 6 the quantity dpt dρ remains positive and finite. The quantity dpr dρ − dpt dρ in Figure 7 is always positive and bounded by unity which is a necessary condition for stability. In Figure 8 we observe that the adiabatic index satisfies the condition Γ > 4 3 which is the requirement for a stable configuration. We notice that the presence of the electric field in all matter variables is greater in the envelope, from the matching interface to the stellar surface. This behaviour is consistent with the form of the electric field E 2 = sa 2 r 4 (1+br 2 ) 2 , which will be stronger in the spherical shell near the envelope surface.
Conclusion
In this paper we used the core envelope setting in order to model a charged anisotropic compact object. We have chosen a quadratic equation of state in the stellar core and a linear equation of state in the stellar envelope. The radial pressure in the core is higher than the radial pressure in the envelope. We proved that the core region, the envelope region and the exterior spacetime match smoothly at their respective interfaces. Different masses, radii and compactification factors of the five stars PSR J1614-2230, PSR J1903+0327, Vela X-1, SMC X-1, Cen X-3 were obtained in the presence of electric field. These results are in agreement with the treatments of Mafa Takisa et al. (2014a ), Mafa Takisa et al. (2014b , Mafa Takisa and Maharaj (2016) and Azam et al. (2015) . We plotted the matter variables related to the compact object PSR J1614-2230. The matter variables and the metric potentials are well behaved within the star, and there is smooth matching between the core and the envelope. We demonstrated that values for the radius of the core and the radius of the envelope can change; this was achieved by choosing different parameter values. This made it possible for us to take in account the core envelope models with varying compactification factors in the stellar core and the stellar envelope. The main result of our study is that it possible to have a charged anisotropic regular core envelope relativistic model with equations of state in both the core region and the envelope region. In future investigation it would be interest- 
